Near-infrared light can be used to determine the optical properties (absorption and scattering) of human tissue. Optical tomography uses this principle to image the internal structure of parts of the body by measuring the light that is scattered in the tissue. An imager for optical tomography was designed based on a detector with 128x128 single photon pixels that included a bank of 32 time-to-digital converters. Due to the high spatial resolution and the possibility of performing time resolved measurements, a new contactless setup has been conceived. The setup has a resolution of 97ps and operates with a laser source with an average power of 3mW. This new setup generated an high amount of data that could not be processed by established methods, therefore new concepts and algorithms were developed to take advantage of it. Simulations show that the potential resolution of the new setup would be much higher than previous designs. Measurements have been performed showing its potential. Images derived from the measurements showed that it is possible to reach a resolution of at least 5mm.
INTRODUCTION
Near-infrared imaging (NIRI) is a promising novel method that uses near-infrared light (from about 670nm to 950nm) to image human tissue up to a depth of few centimeters. It is used to study tissue oxygenation and hemodynamics with high sensitivity. The main contrast agents in NIRI are oxy-and deoxyhemoglobin (O 2 Hb and Hhb), which are the main absorbers in human tissue in the NIR range, although other components such as water, lipid and hematocrit can also be determined.
1 NIRI is based on the highly scattering nature of tissue at NIR wavelengths. When NIR light is projected into the tissue it undergoes several scattering events in few millimeters making the propagation of light in it behave like a diffusive process. This light will then be either absorbed by the before mentioned molecules, or eventually it will be backscattered to the tissue's surface. By measuring the light that comes out of the tissue, this can be optically characterized by two parameters: scattering and absorption. From the absorption spectra the molecular composition of tissue can be calculated. Images of the tissue can be then generated by using a mathematical model that describes the light transport through the tissue.
2 In order to obtain images with a certain accuracy several sources and detectors need to be applied. Due to the scattering nature of tissue and the loss of information this implies when trying to obtain images of deep tissue, different techniques are used in order to increase the amount of information that can be used when creating the images. For this reason NIRI can only penetrate few centimeters, and the resolution reached with this technique has been in the order of 1 centimeter.
Traditionally NIRI systems have used point sources and detectors by means of optical probes directly attached to the surface of the subject under study. This limited the number of sources and detectors that could be used L u. as the systems were not scalable. In order to increase the amount of information for the reconstruction of images without increasing the number of sources and detectors, systems using time-resolved and frequency-resolved methods have been developed during the years. Time-and frequency-resolved techniques provide better depth resolution 3 and they allow to resolve absorption and scattering changes. 4, 5 However the scalability of such systems is even more complex.
In order to overcome the scalability problem in NIRI, researchers have demonstrated the feasibility of CCD cameras as detectors for NIRI systems. 6, 7 These systems provide large datasets that help achieving better images by making use of structured illumination 8 or by scanning the surface of the subject under study with a laser point source.
9 Some researchers have tried to use an in tensified CCD (ICCD) camera in a NIRI system to obtain large datasets of time-resolved measurements in order to increase the image resolution, 10 however the performance limitations of the camera resulted in a lower accuracy of the reconstructions than originally expected.
In the last years there have been many advances in the integration of single-photon avalanche diodes (SPAD) using CMOS technologies.
11 This allowed the integration of the circuitry necessary for performing time-resolved measurements together with the SPADs, improving the performance of these detectors with respect to the systems built with discrete components. 12 These new sensors combine a high number of pixels with the possibility of performing time-resolved measurements opening new opportunities in the NIRI field. In this paper, the aim is to show the progress on a recently developed NIRI system based on a SPAD array imager 13 
EXPERIMENTAL SETUP
The SPAD imager used in the experimental setup has 128x128 pixels connected to 32 time-to-digital converters (TDCs) with a resolution of 97ps and a conversion rate of 10MS/s. 12 This detector operates in time-correlated single-photon counting (TCSPC) mode and provides time-resolved measurements for each of its pixels, independently. Figure 1 show the sensor architecture and a picture of the manufactured chip. One of the main drawbacks of this sensors is that it is only capable of performing simultaneous measurements on pixels in the same row, while that row is fully programmable. This makes the acquisition time very long if all the rows are selected sequentially during the measurement. The laser source used in the experiments was a Becker&Hickl BHLP-700 laser, it provided pulses of light of less than 100ps FWHM at a wavelength of 780 with an average power of 3mW. Collimators and diffusers are used to project lines of light on the surface of the object under study. The light that is backscattered to the surface of the object is then collected by means of a camera objective on to the SPAD imager. The schematic of the system as well as a picture of our lab implementation can be seen in Figure  2 . Currently only measurements with phantoms mimicking the tissue's optical properties have been performed. They provide very valuable information about the system's accuracy and resolution. The phantom used in the experiments is composed of distilled water, intralipid emulsion and Indian ink. Small cylinders made of silicon, TiO 2 and carbon powder are introduced in the intralipid phantom to be used as reconstruction targets. These objects have 3.5 times higher absorption coefficient µ a than the phantoms.
MEASUREMENTS
The reconstruction algorithm used in the present work is based on the same mathematical framework presented in, 13 however several changes have been applied to improve the results. The algorithm is based on the diffusion equation 1 and the first Born approximation. In order to solve the so called inverse problem the sub-space preconditioned least square algorithm was used.
14 The minimum distance between the laser line projected on the subject and the field of view of the camera is determined by the dynamic range of our detector. 15, 16 The closer the light source is from thee detector, the faster the impulse response function of the system. For this reason there must be a separation of at least 1cm between sources and detectors in our setup.
The main limitation in this setup is the long acquisition time necessary for an accurate measurement. Since only the pixels of one row can simultaneously detect photons, this means that the practical acquisition time is 128 times higher than it could be if all the pixels were active at the same time. In order to reduce the acquisition time without losing accuracy, the original algorithm has been modified to work with a reduced number of rows showing excellent results in simulations. 17 In this work we want to present the experimental results of this new algorithm by using only three rows of detectors of the SPAD array.
In Figure 3 an experiment performed with a homogeneous phantom with µ a = 0.07cm obtained from the experimental measurements can be seen in Figure 3 . We can clearly distinguish two objects embedded in the phantom in all the cross-sections of the recontruction represented in Figure 4 . Despite using only a small number of rows in the experimental setup, our prototype demonstrates that is capable of reconstructing images with a resolution of less than 5mm, thus opening a new range of applications where this technique was not used before due to its poor image resolution.
CONCLUSIONS
We have demonstrated that it is possible to obtain high resolution images using SPAD sensors in NIRI even by only using a small set of lines. This allowed to decrease the acquisition time by a factor of 10. Fast acquisition time and high resolution NIRI systems will open new avenues of clinical applications as they will enable anatomical imaging of many organs such as e.g. the brain, muscle, liver and others in real time.
We are working on new SPAD imagers with more pixels and enhanced performance in order to increase the spatial resolution of the system and to reduce the data acquisition time. Our goal is to finally develop a multi-wavelength system capable of imaging the concentration of different molecules.
